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Abstract The current product development scenario challenges manufacturing
industry to deliver improved products to the market while ensuring improved quality.
To ensure the best value, companies need to share product requirements effectively
from various sources and domains, but there are still misinterpretation and mistakes
on this process, regarding semantic interoperability obstacles in the context of the
process of requirements’ gathering, translating, and reusing them. To help in solving
these problems, this study proposes an approach to aid the gathering of product
knowledge, extracting it, and translating the knowledge for further use along the Inte-
grated Product Development Process (IPDP). The approach consisted of analysing
current issues of the topics, followed by the development of a novel approach, to then
be further tested in an experimental case. Issues found on literature point to research
gaps related to semantic reconciliation and the extraction of knowledge perspec-
tives, in which semantic issues are approached through different points of view and
multiple domains. The proposed approach considers unprocessed product require-
ments, further translated in features, and by that refining product knowledge during
IPDP and enabling it to be reusable. The proposed solution shows a new method
to collect and translate product requirements, while gathering its knowledge and
transforming it in product features. The tests in an experimental case have shown a
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reduction in development time, and an increase in product quality, having significant
impacts in reducing costs of development while ensuring correct communication and
effectively sharing information.

Keywords Semantic web approaches - Knowledge management - Reference
ontologies + Standardisation management and strategies

1 Introduction

Current product development is marked by complex requirements, higher standards
of quality, and products that constantly need to adapt to fulfil customer’s needs. This
dynamism is tied to the trends on integrated manufacturing systems and Industry 4.0.
The latter accompanies the use of technologies and methods to improve information
sharing considering multiple domains of knowledge [1]. In this context, an Integrated
Product Development Process (IPDP) deals with multiple domains of knowledge as
a way to gather requirements to product development. The product requirements
need to be well defined and shared with little or no loss of meaning during IPDP, in
order to avoid misinterpretation, incoherency, and other issues during development,
as increased costs and delays [2].

The contemporary practise is still not coping with those issues, that are semantic
in nature, within a multiple domain environments, as product requirements must be
consistent, clear, stand alone, measurable, testable, unique, unambiguous, and veri-
fiable [1]. A significant portion of the issues in the requirements are related to them
having different taxonomies for their representation, different points of view from
agents during development, and limitations regarding the process of translating the
knowledge in product development requirements. As a result, the misinterpretation
of product requirements is related directly to wrong assumptions based on different
information from heterogeneous domains [3].

In order to address the aforementioned issues, semantic interoperability (SI) has as
its objective the effective information sharing in collaborative environments based
on heterogenous domains. SI is being applied in the domains product design and
manufacturing, in order to reduce semantic issues and cope with different sources of
information [3]. Problems still persist, though, regarding their implementation, more
specifically within the methods to extract and translate product requirements from
heterogeneous sources of information, as well as standardising them [3].

This research has as its main objective the development of an approach to solve
those issues by gathering, organising, and translating standardised product require-
ments and by that reducing the heterogeneity of interpretation during the IPDPD
within a heterogeneous domain environment.
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2 Conceptual Background

2.1 |Integrated Product Development Process

Current IPDP relies on heterogeneous domains of knowledge, involving agents from
different backgrounds and varied experience. Authors [4-7] cite ideal development
cycles as integrated, collaborative, and interoperable, since as long as the product
information is well defined, the misinterpretation of information and semantic
barriers occurrence will be reduced [7].

Current models emphasise the systematisation process of IPDP, which was origi-
nally depicted as linear, with subsequent activities starting right after the conclusion
of their predecessor [3]. Current approaches redefine that linear structure by inserting
the notion of parallel activities across the product development [5, 7].

Research points to the necessity of ensuring interoperability in product and manu-
facturing in IPDP, as misinterpretation issues happen while product development
requires multiple knowledge domains [4]. Research found in [§-10] presented the
potential to use ontological methods to formalise knowledge in product and/or
manufacturing models.

2.2 Ontology-Driven Semantic Interoperability

The use of ontologies has increased the development of shared representations.
Recent research, as depicted in [9, 10], shows that the ability for sharing seman-
tics across product and manufacturing representations can be supported by ontolog-
ical formalisms. Ontologies are recognised as an important technology to cope with
semantic interoperation issues [11]. Its formal structure provides machine-processed
semantics of varied knowledge sources [12].

Despite their contributions, even when ontology-based methods are used, in order
to assure shared semantics, semantic heterogeneity and their related issues are still
unavoidable. Because of that, methods for proper ontology mapping are being devel-
oped to improve the semantics between ontologies representing domains that need
interoperation [13].

Ontologies may be categorised in three distinct levels of abstraction during their
application, depending on their aim [9]:

e Foundation Ontology, which is an ontology that is suited for general concepts and
relationships, usable in heterogeneous domains;

e Reference Ontology, which is domain-specific ontology, being reusable in the
same domain to perform different tasks; and

e Application Level Ontology, which represents knowledge that is specific and
dedicated to unique tasks.
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Fig. 1 Methodological procedures

3 Materials and Methods

This research uses as methodological procedures a qualitative literature review and
an experimental case. Firstly, a literature review addressing the main issue and its
dimensions is proposed, to identify the knowledge gap in which the solution will be
developed. Later phases regard the creation and explanation of the approach steps,
as depicted in Fig. 1.

The approach will be tested through an experimental case in which a real product
will be scrutinised and compared considering its real development metrics and the
ones obtained with the implementation of the proposed approach.

4 Literature Review

4.1 Cross-Domain Issues

In past decades, a few models for representation of standardised information struc-
ture were developed in heterogeneous domains. For instance, Unified Modelling
Language (UML), Domain-Specific Language (DSL), and others [14, 15]. While
presenting a way to formalise knowledge representation in different domains in a
standardised manner, these models are not able to cope with the dynamic nature
of product’s requirements and knowledge from different phases of IPDP in a
semantically accurate way [16].

Recently, a few models are considering the consistency of requirements and
performance in environments with dynamic requirements. Authors in [17] explain
a framework to support the design of cyber-physical systems, using design ratio-
nale and linking various system parameters and requirements coming from different
sources. As shown in [18], authors investigate the manufacturing domain and the
process of requirement gathering in different domains. The research in [17] and
[18] combined different models to obtain verifiable and valid information within the
context of dynamic requirements. However, the final word from specialists is still used
remarkably, while translating these requirements in both models. This praxis might
result in issues that are semantic in nature, as there might be significant subjectivity
in the methods in which each specialist decides, due to their different comprehension
of a domain.
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4.2 Cross-IPDP Phase Issues

Communication in IPDP is based on the semantic interpretations of each agent [19].
In different phases of IPDP, heterogeneous sets of information might cause misinter-
pretation due to different meanings for a single term. That is a result of the different
background of agents (e.g. product design, engineering, etc.) and their different
levels of experience in the stages of product development [16, 17]. Authors in [16]
state that knowledge that is required for a single product development stage might
have different impacts in later activities, due to the dynamic nature of IPDP and the
heterogeneity among their agents.

Currently, as shown in [18], research proposes a formalisation through semantic
annotations for applications to semantically interoperate. However, there are no anno-
tations that represent dynamic requirements, as well as automated ways of extracting
them. In [20], the author presents an approach to solve cross-IPDP issues based on
an ontology that is model driven, but exclusively to crossing two domains.

4.3 Cross-Requirement Issues

Requirements represent the main input in an ontology-driven semantically interoper-
able system related to IPDP. Their representation needs to be “semantically whole”,
in order to avoid negative issues, by using clear and well-defined axioms and state-
ments [21]. Despite that, the poor abstraction of statements, in most cases, ends up
generating interpretations that are divergent. This results in negative effects related to
comprehension, uniqueness, and, in a significant portion, traceability of information.
In semantic interoperation, the comprehensible, unique, and traceable information
is able to prevent inconsistencies in the product development and its manufacturing.
In [21], a framework to cope with the issues and enable semantic interoperability is
presented, in accordance with the previous statement. However, this framework does
not ensure the traceability of the requirements and no optimisation of the process
and structuration method of knowledge gathering. In [22], the authors presented
a model that considers multiple domains, ensuring the traceability of information
through verification and validation methods, but limited only to early phases of
the development of a product. Current research, as shown in [1, 18, 21], shows the
necessity to standardised procedures to extract information and knowledge, ensuring
traceability through validation and verification, however, not considering the extrac-
tion of requirements. In [1] and [23], authors point out that future interoperable
representations must consider knowledge extraction to ensure standardised knowl-
edge gathering. In this sense, the proposed knowledge gap relates to “an automated
product knowledge extraction in a multi-domain and interoperable environment that
standardises knowledge in a holistic approach to IPDP, avoiding semantic issues”.
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5 Approach

In order to aid in the process of filling the exposed knowledge gap, an approach to
increase automation in the process of gathering, extracting, and translating product
knowledge into reference ontologies is proposed in Fig. 2, using IDEFO notation.
Such approach has as its goal the application of concepts and tools of semantic
interoperability, in order to develop an interoperable environment. The concept is
that this environment is able to represent and further translate knowledge among
different phases of IPDP, analysing its consistency and reducing the negative effects
caused by heterogeneous knowledge sources.

The approach is an extension of the Interoperable Product Design and Manu-
facturing System (IPDMS) model proposed in [1], considering its limitation of
the process of knowledge gathering and extraction, and being used to develop
its Reference View. The first phase, “Knowledge Gathering” (APKE1), consists
in gathering knowledge from various sources in IPDP, i.e. Customer Relationship
Management (CRM) information, Quality Function Deployment (QFD) information,
Computer-Aided Design (CAD) drawings, Computer-Aided Manufacturing (CAM)
information, and Computer-Aided Engineering (CAE) simulations.

Sequentially, the “Knowledge Pooling” (APKE2) occurs through a software appli-
cation that reads the gathered information and extracts its features into an “.xml”
extension file that represents the hierarchy of information and their properties. This
software is a specialist software, referenced in this paper as “Approach for Product
Knowledge Extraction System” (APKE-Sys) that must be developed considering its
specific context, the organisation in which the approach is applied.
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Fig. 2 Proposed approach
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Before extracted knowledge can be used “safely”, it must be translated and adapted
in a way that ensures semantic integrity. This proves that there is still a problem
regarding the terminologies used in companies, which may not be in agreement with
the literature and/or research. To the translation to occur, a lexicon of the terms from
the enterprise is used in the “Knowledge Translation” (APKE3) phase. The lexicon
owns enterprise’s concepts of products, the context associated with these concepts
and their explicit meaning, being formalised in an ontology. The information gathered
from the product is translated into information that is useful to aid product develop-
ment, where the gathered information in “.xml” extension is converted to an ontology
format (.owl) and compared to the lexicon ontology through ontology mapping
algorithms in the APKE-Sys. The result is an ontology that contains the translated
knowledge. The translation process occurs through mapping and intersection using
a three-level similarity analysis done by the APKE-Sys:

1.  Critical requirement similarities: acomparison between the critical requirements
collected from external sources and the concepts in the lexicon ontology;

2. Relationship analysis: a comparison between the relations of concepts in
external sources and the relations present in the lexicon ontology;

3. Concept relationship: an analysis of concepts from external sources, regarding
their similarity to the lexicon ontology.

In the fourth phase, “Knowledge Enrichment” (APKE4), the ontology that
contains the translated knowledge is compared, through ontology mapping in the
APKE-Sys, to lightweight ontologies that represent the domains (such as product,
design, manufacturing) by a conceptual perspective. Those lightweight ontologies are
related to consolidated models that represent their respective knowledge. The results
of this phase are the ontologies that compose the Reference View of the IPDMS
model, as seen on [23]. Lastly, the “Application in IPDP” (APKES) phase comprises
the addition of semantic rules to the reference ontologies and further application in
the IPDP through the IPDMS. In this phase, a consistency analysis of the ontologies
is done through an inference engine before and after the creation of the semantic
rules, to check for inconsistencies in the mapping processes. The extraction, formal-
isation, and translation of knowledge to standardised representation can improve the
implementation of the IPDMS and, consequently, the IPDP.

6 Experimental Case

6.1 Problem in Industrial Scenario

The application of the proposed approach was carried out in a Brazilian electronics
manufacturer, here referred to as Company X. The company had issues related to
poor communication in product development, and a few of its products had a high
return rate. The company is currently implementing the IPDMS to coordinate its
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product development and wanted to use a more automated approach to extract product
knowledge coming from customer-related data. In this case, which is experimental
in nature, the chosen product was a 20 kVA Uninterrupted Power Supply (UPS). This
version of the product took around 20 months of development, using more than 2800 h
of work and costing around US$ 33.00000 (approximately). During the 20 months
of development, the project entered in a 6-month hiatus due to reviews that were
necessary, in order to the project be in attendance with needs from customers—this
hiatus costs around US$ 13.43200 (approximately) to the enterprise. Furthermore,
mistakes in the design caused malfunction while in use, after its launch, bringing
more than 70% of products back to the manufacturer.

6.2 The Approach Application

The development process was brought back for its early stages for a full revaluation of
its requirements and serves as the case for application of the proposed approach. The
application is related to the early stages of PDP, more specifically in the requirements
gathering and conversion into product features. The application is outlined in Fig. 3.

Firstly, in the “Knowledge Gathering” phase, the QFD of the new design of the
UPS is collected in a “.csv” format and stored in a folder, accessed by a compu-
tational system, here called Approach for Product Knowledge Extraction System
(APKE-Sys), that orchestrates the approach application (Detail A of Fig. 3).

In the “Knowledge Pooling” phase, the “.csv”’ from QFD was analysed by a
pattern analysis algorithm in the APKE-Sys, in order to generate its tags and
further structure the knowledge from the QFD in an “.xml” extension file (Detail
B of Fig. 3). The “.csv” is analysed for keywords related to product, manufacturing,
and design parameters. The identified patterns are put in “.xml” tags, later being

QFD XML Translated
QFD — b - = ;
XML Ontology Ontology
Lxmily /
7/

Algorithm - Pattern Algorithm - Pattern ’ 7

Analysis and XMLTag  Asalysis asd OWL Tag s L

creation ereation ~”~

Masual Insertion in
Pratege

Algorithm - Outology Algorithm ~ Ontology

Mappisg and
Intersection

Mapping and
Intersection

Repaository

Lexicon

Ontology Semantic Rules

< Q‘pmrégé
)

Fig. 3 Application of the proposed approach
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joined and forming a file that contains the extracted knowledge from the QFD
(Detail B of Fig. 3). This process basically organises the client’s requirements to
a hierarchical structure (i.e. a “change in the circuit board position” is converted into
“Design — UPS — 20 kVA — Circuit Board” in the hierarchical structure).

For the “Knowledge Translation”, the tags of the XML file were analysed by
the APKE-Sys and converted into “.owl” tags, creating an ontology based on the
product knowledge extracted from the QFD (Detail C of Fig. 3). The basic structures
of the “.owl” tags are kept in the system and are applied by an algorithm based on
pattern analysis. Sequentially, the created “QFD Ontology” undergoes an ontology
mapping process with the lexicon ontology (Detail D of Fig. 3). The commonalities
between both ontologies are mapped, and an intersection of the ontology occurs,
generating the “Translated Knowledge Ontology” (Detail E of Fig. 3). This phase
merely creates an ontological structure of the XML file in accordance with company’s
specific nomenclatures (i.e. “20 kvA” is renamed as company’s code “123ABC”).

The “Knowledge Enrichment” process was, as his predecessor, a discrete process
in the APKE-Sys, mapping the “Translated Knowledge” Ontology and the chosen
domain (product, design, manufacturing) Lightweight Ontology (Detail F of Fig. 3)
and combining both in an “Enriched” ontology (Detail G of Fig. 3). Like the process
of the “Knowledge Translation”, an algorithm for ontology mapping looks for
similarities in both ontologies (similar classes, attributes and relations), adding the
complementary information from the “Lightweight Ontology”. This phase gathers
the knowledge from the “Translated Knowledge Ontology” and distributes to their
specific domain.

The “Application on IPDP” process was performed partially by the APKE-Sys
and partially by the IPDMS. The Reference View, an input for application of IPDMS,
was generated at the end of the “Knowledge Enrichment” process, by the addition
of semantic rules and consistency analysis in the Protégé software (Detail H of
Fig. 3) that define constraints. The final version of the ontologies offers improved
semantics and improved quality on product knowledge. Those are Heavyweight
Ontologies (Detail I of Fig. 3) that were validated by a team of specialists, in order
to check their overall consistency with company nomenclature.

Firstly, in terms of time saving, the approach reduced an approximate total of 3 h
of work from three professionals (9 h total in terms of cost) into a 15 min activity
from one single professional (not counting the creation of semantic rules). This is
translated into an improvement in time efficiency of more than 97% of previous
development, while increasing product’s quality with improved communication and
semantic correctness, reducing design flaws. This reduction occurs through incon-
sistencies found on the reasoning process in the Heavyweight Ontology after the
application in IPDMS. In terms of operational costs, the final cost of this process
was reduced to US$ 292, representing a reduction of more than 97%.
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7 Conclusion

The proposed method was able to standardise and extract the product’s requirements,
reducing the time and the cost of the project without reducing the quality of the final
product in many aspects. This standardisation enabled the integration of product and
manufacturing and presented reduced misinterpretations in product development.

This research provided a formalisation for the process of capturing informa-
tion and improved communication and information sharing. The provided method
approaches the three main identified issues in the literature review. The consistency
analysis of information based on ontology mapping through the phases of Knowl-
edge Translation and Knowledge Enrichment is one of the main strengths of the
model, avoiding semantic heterogeneity and human mistakes while structuring the
product’s requirements.

Next steps of the research will focus in an expansion of the approach, adding more
features to different cases, as means to explore the approach and stress its limitations,
refining it further.
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